Although the immunological reactions of the luminous bacteria have received little study, they justify investigation from three points of view: first, the nature of their antigenic structure; second, the extent of species specificity in the reactions concerned; and, finally, the significance of antigenic components in the luminescent system. This study has included agglutination, agglutinin absorption, and precipitation tests in relation to whole cells as well as the filtrates obtained from cytolytic products. These procedures were applied to all the well-authenticated species available. Previous studies in which immunological techniques were employed have dealt almost exclusively with whole cells and with only very restricted groups of species or strains (Ballner, 1907; Ninomya, 1924; Meissner, 1926; Majima, 1931) . Varying degrees of specificity and the occurrence of group reactions have been noted in these limited studies. Johnson (1941) cytolyzed the cells of two marine species in distilled water, and found a specific agglutination of the "ghosts" as well as the normal cells, and a specific precipitation of Berkefeld filtrates of the cytolyzates.
The phenomena associated with the cytolysis of these organisms have been extensively investigated from the point of view of physiological activity (Harvey, 1915; Hill, 1929; Korr, 1935a Korr, , 1935b Harvey, 1937, 1938) as well as the fine structure of the cells (Johnson, Zworykin, and Warren, 1943) . In the report by Harvey and Deitrich (1930) , however, the production of antibodies against the oxidative enzyme (luciferase) concerned in the luminescence of extracts of the invertebrate animal Cypridina is described.
Although a decrease in light intensity of luminous bacteria has been observed in the presence of immune serum (Ninomya, 1924) , the results thus far reported have evidently been due entirely to the agglutination of the cells. A loss of a completely adequate gaseous respiratory exchange occurs concomitantly with agglutination. Furthermore, as observed in the present study, easy confirmation of this explanation may be obtained by observing the reappearance of the original light intensity upon vigorously shaking the agglutinated cells.
MATERIALS AND METHODS
The species used in these studies are Vibrio albensis (Lehmann and Neumann, 1901) 2; Vibrio phosphorescens3; Achromobacter harveyi (Johnson and Shunk, GEORGE H. WARREN 1936) ; Achromobacter fischeri (Beij.) Bergey et al. (Bergey, 1934; Johnson and Shunk, 1936) ; Photobacterium phosphoreum (Cohn) Beij. (1912 Beij. ( , 1916 2; Bacillus pierantonii (Zirpolo, 1918) 2; Bacillus sepiae (Zirpolo, 1917) 2; and Photobacterium splendidum (Beijerinck, 1916) 2. Of the eight species, six are marine forms and were cultivated on 3 per cent NaCl beef infusion agar. The remaining two, Vibrio albensis and Vibrio phosphorescens, are "fresh water" species and were cultivated on the same medium as the marine species, except that the medium contained only 0.9 per cent NaCl. The medium was adjusted to pH 7.3 and sterilized at 15 pounds' pressure for 15 minutes. P. phosphoreum, a psychrophilic type, was cultivated at 15 C., but the others were incubated at 25 C.
These organisms are as authentic as could be obtained. Their possible identity with organisms described in the early literature (Beijerinck, 1889 (Beijerinck, , 1890 (Beijerinck, , 1916 Dahlgren, 1915; Gorham, 1903; Lehmann and Neumann, 1901; Mangold, 1910; Migula, 1897 Migula, , 1900 Molisch, 1912) (cf. Beijerinck, 1912; Doudoroff, 1938; Giese, 1943) . The characteristics of the species used in this study have, therefore, been reinvestigated and are summarized in tables 1, 2, and 3.
The organisms that have been previously studied are Vibrio rumpel (Ballner, 1907) ; Vibrio pierantonii, Coccobacillus pierantonii, Bacillus sepiae (Meissner, 1926) ; and Vibrio pierantonii, Coccobacillus pierantonii, Vibrio euprima, Micrococcus sepiola, Coccobacillus tolega, Vibrio yasakii (Majima, 1931 Migula (1897 Migula ( , 1900 maintained that this organism was a variety of Photobacterium fischeri (Beij.) and classified it as such in his System der Bakterien (1900). However, Katz had previously isolated Bacillus argenteo-phosphorescens which Migula (1900) (Lehmann and Neumann, 1901) , Achromo-bacter fischeri (Beij.) Bergey et al. (1930) . over a period of 5 weeks. The animals received 1-ml suspensions of freshly prepared luminous 18-to 24-hour cultures at 48-hour intervals over a 3-week period. A rest period of 7 days followed, after which they received a 2-ml intra- and the control, 0.5 ml of the homologous antigens were added. At the same time, cross agglutination reactions were carried out with each of the 8 species.
All tubes were incubated in a 25 C water bath for 4 hours, after which they were stored overnight in an icebox and read the following morning. The study of the agglutination reactions was complicated by the autoagglutination of several species. This was especially true of V. albensis and A.
fischeri. However, this was remedied by centrifuging and washing the cells thoroughly.
An examination of the data reveals that A. fischeri, P. phosphoreum, B. pierantonii, and B. sepiac are antigenically specific. Cross agglutination occurs between V. albensis and 1. phosphorescens, between A. harveyi and P. splendidum, and between P. splendidum and B. sepiae. The cross agglutination of A. harveyi and P. splendidum has been confirmed by Johnson (unpublished) . However, since only A. harveyi antiserum will react with P. splendidum and not vice versa, the relationship is obviously not of a reciprocal nature. This is also true in the case of P. splendidutm antiserum and B. sepiae antigen. On the other hand, the V. albensis-V. phosphorescens cross reaction occurs reciprocally with these two organisms. It is interesting to note that although anti-V. albensis serum cross-agglutinates V. phosphorescens, the homologous strain is agglutinated to a higher titer. When anti-V. phosphorescens serum is used, an equal titer occurs wvith both antigens.
Agglutinin Absorption For agglutinin absorption tests, heavy suspensions of cells were harvested in the appropriate sodium chloride solution, centrifugalized, and washed once. Absorptions were carried out in a final 1 to 20 dilution of serum. The tubes were well shaken and then incubated at 25 C for 3 hours. This wvas followed by strong centrifuging, i.e., until the supernatant was practically clear. This procedure was repeated with the supernatant serum and a fresh suspension of cells. Following the second incubation period, the tubes were left in the icebox overnight before centrifuging.
The results of the agglutinin absorption tests, which are shown in table 5, confirm the results of the straight agglutination reactions. It is evident that P. splendidum almost completely absorbs its corresponding antibody from anti-A. harveyi serum without appreciably changing the agglutination titer of the serum with respect to A. harveyi. Similarly, B. sepiae absorbs its antibody from anti-P. splendidum serum without altering the titer of the serum for P. splendidum.
Cross absorption experiments were set up for both V. albensis and V. phosphorescens. Although it was not possible5 for V. albensis to absorb the entire V. phosphorescens agglutinin from the anti-V. phosphorescens serum, a good fraction of the heterologous agglutinin was absorbed. On the other hand, the ab-sorption of anti-V. albensis serum by V. phosphorescens resulted in an almost complete absorption of antibodies for both antigenic factors. In addition, V. phosphorescens almost completely absorbs from its homologous antiserum both V. albensis and V. phosphorescens agglutinins. These conclusions are reached from the agglutination reactions with the absorbed antisera (table 5) .
Practically a complete absorption of anti-V. albensis serum occurs in the presence of V. phosphorescens antigen. A significant fundamental agglutinogenic similarity exists. Anti-V. phosphorescens serum will not only agglutinate both V. phosphorescens and V. albensis to full titer, but agglutinins of either species are almost completely absorbed by that organism. Antigenicity of Filtrates After Cytolysis The antigenic properties of filtrates are of particular interest because the internal components of the cell rather than the entire cell are largely involved. Electron micrographs (Johnson, Zworykin, and Warren, 1943) have conclusively shown that distilled water cytolysis of luminous cells is rapid but is not accompanied by a complete disintegration of the cell wall. Furthermore, the end product of cytolysis is a cell structure which is for the most part devoid of internal components. The question arose as to whether the filtrates so prepared-were capable of producing immune sera which would not only precipitate the filtrates themselves but would also agglutinate intact luminous cells. tion of filtrates of the fresh-water forms were more difficult. However, V. albensis, the more resistant to cytolysis of the two, served as the distilled water "standard" for V. phosphorescens. In this way, some degree of standardization of the filtrate potencies is maintained. Clear filtrates were obtained with Berkefeld filters.
For the production of antisera, rabbits received intravenous injections of filtrates. Five successive injections were administered at 2-day intervals. Be-ginning with 1 ml, the dosage was doubled with each injection. Following a rest period of 7 days, two 20-ml injections of filtrate were made at 3-day intervals. After a second rest period of 7 days, the animals were bled aseptically from the heart and the serum collected. Cross agglutination experiments were set up in the usual manner.
The results are summarized in combined with luminous cell immune serum, the filtrate immune serum of this organism precipitates six additional filtrates. P. phosphoreum occupies an exactly similar kinship with both B. sepiae and P. splendidum. The precipitin tests appear to be highly sensitive in seeking out the component antigens in luminous bacteria filtrates. Prevalent nonspecific reactions in addition to weak precipitinogenic components are significant in the general antigenic system. It is evident from the enumeration of components present that the system is complex. Tests with luminous bacteria immune sera show a more specific antigen-antibody relationship than similar reactions with filtrate immune sera.
DISCUSSION
The results seem to indicate rather clearly that the six marine species of luminous bacteria studied, apart from minor agglutinins in two species (A. harveyi and P. splendidum), are fairly specific in their agglutinin reactions.
The fresh-water forms, V. albensis and V. phosphorescens, present a much closer cross agglutination relationship. They are also much more agglutinogenic than the marine forms. Immune sera will give a higher titer in a shorter immunization period. Whether this is due to the character of the antigenic reacting groups is not knowvn. With one exception, the results indicate that the specificity of the agglutinations with filtrate immune sera agrees with the results of luminous cell immune sera. This suggests that the agglutinin factors derived from luminous cells are all present in their filtrates and points to the classification of the latter as complete antigens.
It is apparent that the cultural as well as immunological characteristics of V. albensis and V. phosphorescens are for the most part similar. However, V. phosphorescens possesses a more intense luminescence, is more stable in suspension, and is more complete antigenically. These facts suggest the possibility that V. albensis is a "rough" variant of V. phosphorescens, although differences in colony form are not apparent.
The precipitation studies of luminous bacteria exhibit much less specificity than the agglutination reactions and, in addition, a marked nonspecific reaction at low titer. Nevertheless, the differentiation of the various species is facilitated by the higher titers of the homologous antisera.
Any consideration of the specific antigens involved in the precipitation reactions of luminous bacteria is more or less speculative. The marked group phenomena which characterize the results are of special interest since not merely different strains, or even species, but actually different genera are represented. This study is not comprehensive enough to justify any recommendations as to the most desirable place, in the classification of bacteria, for these organisms; nor for renaming or systematizing the group itself.
It is conceivable that these serological reactions are linked with similarity in the chemical structure of particular cellular components in which the luminescent system is of prime importance, since luminescence is perhaps the most outstand-558 on November 4, 2017 by guest http://jb.asm.org/ Downloaded from ing common property of the different organisms. A possible role played by the components of a common luminescent system of the organisms, in influencing antigenicity of the intact luminous cell, has not been established. Although no experiments were devised or conducted for the purpose of making a positive contribution to the problem of the mechanism of the luminescent system, comments on the subject can be presented on the basis of observations made during the course of this investigation. Ballner (1907) reported no inhibition of luminescence with immune sera. Although Ninomya (1924) found an inhibition with immune sera, he showed that a correlation existed between the degree of agglutination and the inhibition of luminescence. It is highly probable, as suggested by Ninomya, that these inhibitions are due merely to an intense clumping of cells during agglutination reactions which interferes with an adequate gaseous exchange. The possibility of a specific antigen-antibody reaction which influences this inhibition was considered as a secondary factor by that author. Harvey and Deitrich (1930) investigated the possible antigenic properties of the Cypridina luminescent system, i.e., luciferase and luciferin. They reported the production of an antiluciferase serum which combined with active luciferase. When this luciferase plus antibody was now added to luciferin, the luminescent reaction did not occur. It is apparent that the enzyme which is involved in the luminescent reaction of Cypridina, and which is assumed to be responsible for the same reaction in luminous bacteria, is antigenic.
The observation of numerous cases of both normal and immune sera in contact with luminous bacteria has revealed no evidence of a corresponding immunological interference with the light-emitting reactions in the living cells. In no instance was there an inhibition of luminescence, except by agglutination. The amount, and therefore potency, of such an enzyme antigen, of course, must also be considered in explaining an apparent absence of a specific luminescent antibody. Furthermore, luminescence is actually increased in the presence of both normal and immune sera. This is undoubtedly due to the addition of a nutrient substrate (Ninomya, 1924; Johnson, 1936; van Schouwenburg, 1938) .
Thus, it is clear that an antiluciferase antibody is either not present in the immune serum or else, if it is present, it does not have access to the light-emitting enzyme in the intact bacterial cells. This point is of particular interest for its possible significance in connection with the problems of the site of oxidative systems in living bacteria. If it may be assumed that bacterial luciferase is antigenic, the results would indicate that the luminescent enzyme is not directly exposed to immunological combination at the cell surface.
SUMMARY
The antigenic properties of eight species of luminous bacteria are reported. Evidence was sought from the results of agglutination, agglutinin absorption, and precipitation.
Cross agglutination results indicate that specific agglutinogenic properties are present in Achromobacter fischeri, Bacillus sepiae, Bacillus pierantonii, and Photobacterium phosphoreum. Cross reactions occur between Achromobacter harveyi and Photobacterium splendidum, between Photobacterium splendidum and Bacillus sepiae, and between Vibrio albensis and Vibrio phosphorescens.
The nature of the V. albensis-V. phosphorescens kinship is different from the other cross reactions. At least two major antigens are present in V. phosphorescens, whereas V. albensis contains a major and minor antigen.
Agglutinin absorption tests confirm the existence of major and minor agglutinins in the case of A. harveyi-P. splendidum, and P. splendidum-B. sepiae. Cross agglutinin absorptions with V. albensis-V. phosphorescens indicate a significant agglutinogenic similarity.
Filtrate antigens of luminous bacteria will give rise to agglutinins which exhibit specificities characteristic of luminous cell agglutinins.
A mosaic of common antigens is revealed by cross precipitation with both immune filtrate sera and immune luminous cell sera. An intensified group reaction is found with the immune filtrate sera. These results are discussed in relation to the chemical composition of cellular structures and a luminescence factor of possible antigenic significance.
The luminescence of living cells was not directly affected by any of the immunological reactions studied.
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